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The material composition and the Si surface passivation of aluminum oxide (Al 2 O 3 ) films prepared by atomic layer deposition using Al(CH 3 ) 3 and O 3 as precursors were investigated for deposition temperatures (T Dep ) between 200 C and 500 C. The growth per cycle decreased with increasing deposition temperature due to a lower Al deposition rate. In contrast the material composition was hardly affected except for the hydrogen concentration, which decreased from [H] ¼ 3 at. % at 200 C to [H] < 0.5 at. % at 400 C and 500 C. The surface passivation performance was investigated after annealing at 300 C-450 C and also after firing steps in the typical temperature range of 800 C-925 C. A similar high level of the surface passivation performance, i.e., surface recombination velocity values <10 cm/s, was obtained after annealing and firing. Investigations of Al 2 O 3 /SiN x stacks complemented the work and revealed similar levels of surface passivation as single-layer Al 2 O 3 films, both for the chemical and field-effect passivation. The fixed charge density in the Al 2 O 3 /SiN x stacks, reflecting the field-effect passivation, was reduced by one order of magnitude from 3Á10 12 cm À2 to 3Á10 11 cm À2 when T Dep was increased from 300 C to 500 C. The level of the chemical passivation changed as well, but the total level of the surface passivation was hardly affected by the value of T Dep . When firing films prepared at of low T Dep , blistering of the films occurred and this strongly reduced the surface passivation. These results presented in this work demonstrate that a high level of surface passivation can be achieved for Al 2 O 3 -based films and stacks over a wide range of conditions when the combination of deposition temperature and annealing or firing temperature is carefully chosen. V C 2014 American Vacuum Society.
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I. INTRODUCTION
Aluminum oxide (Al 2 O 3 ) thin films prepared by atomic layer deposition (ALD) or plasma enhanced chemical vapor deposition (PECVD) have been identified as a high quality surface passivation material for p-type surfaces of Si solar cells. 1 The excellent passivation performance can be attributed to a high level of chemical and field-effect passivation. The latter is generated by a high negative fixed charge density in the Al 2 O 3 films. [2] [3] [4] An important process parameter for the preparation of high quality Al 2 O 3 films is the deposition temperature as previously established for films grown in ALD processes with an O 2 -plasma as oxidant, 5, 6 with H 2 O (Ref. 7) and for films grown by PECVD processes. 8, 9 So far, no systematic study has appeared that addresses the relation between material properties and surface passivation performance of Al 2 O 3 films grown in ALD processes with O 3 as oxidant. O 3 can be beneficial over alternative oxidants such as H 2 O due to its higher reactivity. Furthermore, it is more straightforward to implement an O 3 -based ALD process in high throughput batch reactors than ALD processes based on O 2 plasma. Apparently, the availability of high throughput deposition equipment is an essential requirement for the implementation of ALD Al 2 O 3 processes in manufacturing lines of Si solar cells.
In this work, the Si surface passivation performance and material properties of Al 2 O 3 films deposited by Al(CH 3 ) 3 and O 3 as precursor and oxidant were studied while addressing the influence of the deposition temperature in particular. These studies are relevant as the surface chemistry and the substrate oxidation by the O 3 -based process is quite different from ALD processes based on H 2 O or O 2 plasma as oxidants. [10] [11] [12] [13] This might have implications for the surface passivation performance of the Al 2 O 3 films as well as its temperature dependence. First, the composition and material properties of the Al 2 O 3 films were compared with those prepared by ALD processes using H 2 O and an O 2 -plasma as oxidants. Second, the surface passivation performance of the Al 2 O 3 films was investigated after annealing and firing. In particular, the influence on the field-effect passivation was addressed by analyzing the films by corona charging 14 From the systematic studies, the relation between the material properties and the surface passivation performance of Al 2 O 3 films is discussed.
II. EXPERIMENT
A. Sample preparation Czochralski (Cz) grown n-type Si wafers (12.5 Â 12.5 cm 2 ) were used as substrates with a thickness of 180 lm and a resistivity of 2-4 XÁcm. The wafers were cleaned in a KOH based wet chemical solution to remove the saw damage before carrying out a standard Radio Cooperation of America cleaning procedure. The Al 2 O 3 films were deposited simultaneously on both sides of the wafers during 330 ALD-cycles by using Al(CH 3 ) 3 and O 3 as precursor and oxidant, respectively. The dosing and purge times were 1 s-3 s-3 s-6 s for Al(CH 3 ) 3 -purge-O 3 -purge, respectively. The cycle time was 13 s in total. The deposition temperature (T Dep ) was varied between 200 C and 500 C. The T Dep refers to the set temperature of the reactor walls of the hot wall reactor. A 30 min time interval has been employed between loading the wafers in the reactor and the start of the ALD process to allow for equilibration of wafer temperature. On half of the wafer set, SiN x films were deposited at 350 C in a PECVD process using a linear microwave plasma source. The SiN x films were also deposited on both wafer sides to create a symmetric sample structure.
The surface passivation performance of single-layer Al 2 O 3 films and Al 2 O 3 /SiN x stacks was determined after annealing and after firing. For the single-layer Al 2 O 3 films annealing was carried out at temperatures (T Anneal ) between 300 C and 450 C for 10 min in N 2 ambient. The surface passivation was analyzed only for T Anneal > T Dep . The firing step was carried out at a peak temperature (T Firing ) between 850 C and 925 C for several seconds. The Al 2 O 3 /SiN x stacks were either annealed at 400 C or fired at 850 C, i.e., no investigations at other temperatures were carried out. The firing step was used to mimic the thermal budget of the metal contact formation process of industrial-type Si solar cells.
B. Material analysis
The film thickness was determined by spectroscopic ellipsometry for films deposited on float zone (Fz) Si wafers (12.5 Â 12.5 cm 2 ) with shiny etched surfaces. These samples were prepared similarly as the films deposited on the Cz Si wafers. The atomic composition of the films was analyzed by the combination of Rutherford backscattering spectroscopy (RBS) and elastic recoil detection. From the film thickness, the growth per cycle (GPC) and the film thickness nonuniformity (d max À d min )/(2Ád average ) 15 were calculated using 137 measurement points equally distributed over the wafer area of 149.3 cm 2 . The number of Al atoms deposited per cycle was calculated from the RBS data and the number of deposition cycles carried out.
C. Surface passivation analysis
The effective minority carrier lifetime s eff was measured as a function of the excess carrier density Dn by using the photoconductance decay technique in the transient and generalized mode. 16 The surface passivation was expressed in terms of an upper limit of the effective surface recombination velocity S eff,max , which was calculated from the value of s eff at Dn ¼ 10 14 cm À3 using the expression: S eff,max ¼ W/2Á(s eff À1 Às Auger À1 ) with W the wafer thickness and correcting for the Auger lifetime s Auger by employing the parameterization proposed by Richter et al. 
D. Corona charging experiments
The level of field-effect passivation and chemical passivation was investigated by corona charging experiments. In these experiments, a procedure was repeated that consists of corona charge deposition, surface voltage measurements, and surface passivation measurements. 18, 19 Corona charges were deposited on top of the passivated wafer surface. The corona charges are ionizing air molecules that are created at a tungsten needle by a high electric field caused by a voltage of $6 kV applied to the needle. To investigate the fixed charge density Q f present in a passivation film corona charges with the opposite polarity of Q f need to be deposited. By Kelvin probe measurements, the surface voltage can be obtained and used to calculate the corona charge density Q C on top of the wafer surface with the help of the following expression:
, with V surf the surface voltage, e the elementary charge, d the layer thickness, e r the relative permittivity of the film, and e 0 the vacuum permittivity. The relative permittivity is substituted by an average value when stacks of dielectric materials are investigated. 20 As a result of the corona charging experiments, a S eff,max (Q C )-plot is obtained, which has commonly a bell-like curved shape. The field-effect passivation was determined from the position of the peak value of the S eff,max (Q C )-plot as at this point the deposited Q C compensates Q f . Therefore, at this point, only the chemical passivation contributes to the total level of surface passivation. Consequently, the peak value of S eff,max can be regarded as a measure for the level of the chemical passivation. The S eff,max (Q C )-plot and the corona charging setup are illustrated schematically in Figs. 1 and 2 , respectively.
III. RESULTS AND DISCUSSION

A. Material properties of Al 2 O 3 films
Properties such as GPC, film thickness, and thickness nonuniformity reveal information about the ALD process. The properties obtained for the Al 2 O 3 films in this work are listed in Table I . In Fig. 3 , the data are compared to results reported previously by Potts et al. for films grown in ALD processes that used H 2 O and O 2 -plasma as oxidant. 5 For the O 3 -process, the GPC values decreased from 0.9 Å to 0.6 Å with increasing T Dep , and therefore, the GPC values were in the same range as the H 2 O and O 2 -plasma data. The data show that the density of deposited Al atoms per cycle decreased with increasing T Dep while the mass density stayed almost constant at $2.9 g/cm 3 . Consequently, the reduction in Al atoms deposited per unit area in every cycle is the reason for the lower film thickness and lower GPC when The influence of the deposition temperature on the surface passivation performance, which is expressed in terms of an upper limit of the effective surface recombination velocity S eff,max , is shown in Table II . The data are given after annealing and after firing at various temperatures. With increasing annealing temperature, the S eff,max -values of films grown at T Dep ¼ 200 C decreased from 26 cm/s to 5 cm/s. The same trend was observed for films prepared at T Dep ¼ 300 C with S eff,max decreasing from 34 cm/s to 6 cm/s when T Anneal increased from 350 C to 450 C. The corresponding s eff (Dn)-values showed an upward shift with annealing temperature over the entire measured injection range, see Fig. 4(a) . To reveal more insight into the passivation mechanism behind this shift, corona charging experiments were carried out. The obtained S eff,max (Q C )-plots are shown in Fig. 4(b) . The Q f -value, represented by Q C when S eff,max has its maximum, increased only slightly when increasing T Anneal from 350 C to 450 C. However, the peak value of S eff,max was reduced significantly, from 1430 cm/s to 230 cm/s, with increasing T Anneal . Consequently, the improvement of the surface passivation with increasing annealing temperature can be attributed to an improved chemical passivation. Depositing the Al 2 O 3 films at 400 C and annealing this films at 450 C did not result in low S eff,max .
After firing, the surface recombination velocities of Al 2 O 3 films grown at T Dep ¼ 300 C were <10 cm/s independently of the used T Firing . In contrast Al 2 O 3 films deposited at T Dep ¼ 400 C and 500 C yielded a factor of ten lower S eff,max -values when T Firing increased from 800 C to 925 C. Remarkable was that all Al 2 O 3 films, i.e., deposited between 200 C and 500 C, resulted in S eff,max -values <10 cm/s after firing at the highest temperature, i.e., T Firing ¼ 925 C. After firing, the highest surface passivation level is achieved for the single-layer Al 2 O 3 films prepared at T Dep between 300 C and 500 C (see Table II ). Apparently, same S eff,max -values, within the experimental error, can be achieved after firing and after annealing when using optimized process conditions. stacks were found to be similar to the one achieved for single-layer Al 2 O 3 films within the experimental error, see Tables II and III, Corona charging experiments were carried out to investigate the mechanism responsible for the trend of the S eff,max -values with changing deposition temperature. The surface passivation performance is shown in Fig. 6(a) C and 500 C can be attributed to the fact that for the corona charging experiments one sample point (4 Â 4 cm 2 in area) is considered whereas the S eff,max -values given in Table III are an average value obtained from five measurement points distributed over the sample area. The S eff,max (Q C )-plots are shown in Fig. 6 (b) (no corona charging experiments could be carried out for the sample suffering from blistering, i.e., for T Dep ¼ 200 C). Increasing T Dep yielded lower Q C -values for which the maximum in S eff,max was reached, from Q C ¼ 3Á10 12 cm À2 at T Dep ¼ 300 C to 3Á10 11 cm À2 at T Dep ¼ 500 C. Hence, the negative fixed charge density, as a measure for the field-effect passivation, decreased by one order of magnitude when going to higher deposition temperatures. For the chemical passivation, no clear trend could be discerned but the stack with the Al 2 O 3 films deposited at T Dep ¼ 300 C showed the highest level of chemical passivation. Remarkable was that the stacks with Al 2 O 3 films grown at 300 C and 400 C showed a clear difference in the peak Table III . This holds also for the s eff -value at Dn ¼ 10 14 cm À3 as shown in Fig. 6(a) . The corona charging experiments were also used to investigate whether the SiN x capping layer deposition affected the field-effect and chemical passivation of the underlying Al 2 O 3 films. These experiments were triggered by the fact that the SiN x films can have a fixed charge density with the opposite charge polarity compared to the Al 2 O 3 films, 24 which could potentially compensate (partially) the fixed charge density in the Al 2 O 3 films. In Fig. 7 , the S eff,max (Q C )-plot of single-layer Al 2 O 3 films after annealing is compared to those of Al 2 O 3 /SiN x stacks after annealing and after firing. After annealing, the peak value of S eff,max of the stacks resulted in slightly lower values while the peak was also narrower than for the single-layer Al 2 O 3 films. This indicates a slightly better chemical passivation for the stacks that can possibly be related to the deposition of the SiN x capping layer that leads to an additional thermal budget, i.e., an additional anneal. The narrower peak can be related to a change in the capture cross section ratio of electron and holes. 26 The S eff,max (Q C )-plot of the stacks after firing demonstrates the improvement of the chemical passivation due to the firing process when SiN x layers are present. The peak value of S eff,max is strongly reduced due to a passivation of surface defects by hydrogen. This hydrogen is released from the Al 2 O 3 and/or SiN x films during the firing process. 27 Moreover, the SiN x film can act as a kind of diffusion barrier for the hydrogen in the Al 2 O 3 films increasing the flux of hydrogen toward the Si interface. The field-effect passivation of the Al 2 O 3 films was not affected by the SiN x capping process nor the firing process, which is in line with recently published results for Al 2 O 3 /SiN x stacks with a different combination of layer thicknesses. 28 
IV. CONCLUSIONS
The material properties and surface passivation performance of Al 2 O 3 films deposited by ALD with O 3 as oxidant were studied for films prepared at various deposition temperatures. The Al 2 O 3 films of the O 3 -based ALD process showed similar material properties as Al 2 O 3 films deposited by ALD using an O 2 plasma or H 2 O. It was found that the surface passivation performance of the films obtained after annealing at moderate temperatures (around 400 C) resulted in a similar high level of the surface passivation performance as obtained after firing at high temperatures (around 900 C). The high level of surface passivation is demonstrated by low effective surface recombination velocities <10 cm/s. Analysis of the surface passivation mechanisms of the Al 2 O 3 -based films and stacks revealed that the field-effect passivation depends on the deposition temperature whereas the chemical passivation is mainly affected by the annealing temperature. When combining low deposition temperatures and firing steps, the blistering can occur, which can result in a reduction of the surface passivation performance. Finally, it can be concluded that a multitude of temperature conditions can induce a high level of surface passivation as long as the combination of deposition temperature and annealing or firing temperature is carefully chosen. C and for the stacks after annealing at 400 C and after firing at 850 C. Lines serve as a guide to the eye.
